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1 Introduction
Most of the magnetic properties of solids arise from electrons and their mutual inter­
actions. In fact the origin of Hund’s rule, which says that the ground state of an atom 
has maximum multiplicity, and which is responsible for atomic magnetic moments, 
lies in the reduction in energy due to the exchange part of the electron-electron inter­
action. In solids, the phenomenon of magnetism has to be understood by quantum 
many body considerations of the electron-electron interaction. In this article, which 
is essentially a verbatim report of my talk given at CMP94 meeting at Calcutta, we 
present a panoramic view of the results on the correlation effects in inetdls. In the 
first two sections we give the scope of the subject of magnetism and talk U o u t the 
necessity of inclusion of correlation in the free electron theory of metals. We then 
introduce some minimal models of correlation and magnetism in solids. Finally we 
present a brief perspective of some old and recent results on the Hubbard model. 
One comment about the reference list, it can be made longer than the text. Rather, 
it is given to provide suggestions for additional reading related to the problems and 
questions which are only flashed here.
2 Magnetism
The subject of magnetism deals with the behavior of materials in the presence of a 
magnetic field. Materials are usually classified as diarnagnets, paramagnets or mag­
nets with some ordered magnetic moments, depending on whether they expel or at­
tract the magnetic lines of force, or whether they exhibit some kind of spontaneous 
ordering of magnetic moments below a certain temperature. This behaviour can be 
due to intrinsic atomic moments or due to spin and orbital degrees of freedom of con­
duction electrons. In particular, the orbital degree of freedom is responsible for the 
e aas-van Alphen effect and many galvanomagnetic properties of metals. It is also 
responsi e for the Meissner effect in superconductors and for the fractional and the 
integer Quantum Hal. effect the inversion layer formed in Mosfet heterostructure
to “ thC bUlk magnet'C pr° perties’ we can put a magnetic impurity in a solid 
Forexamnl ^  ^  depe"ds on the type of the host matrix
l i z  or ; r  nr ihe rotaiion ‘,n,mei,y °f is
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because of the formation of a bound magnetic polaron [2]. In metals, the spin density 
of conduction electrons shows Friedel oscillations around the impurity and also there 
is a possibility of complete moment suppression due to screening (Kondo effect) [3]. 
In superconductors, the magnetic impurity can suppress Tc, lead to the phenomenon 
of gapless superconductivity, or a reentrance behavior due to interplay of magnetic 
and superconductive correlations in some materials [4].
To have an ordered magnetic lattice, the magnetic moments must interact, either 
amongst themselves or with conduction electrons, or as it happens in some metals, 
the electron-electron interaction itself is strong enough to give rise to a magnetic 
order [5], Apart from the magnetic order, there is also a possibility of enhancement of 
equilibrium properties, like electronic specific heat, by an enormous amount because 
of the interaction between electrons and local orbitals. This happens in some rare 
earth compounds, (e g. CeAl^,  and U Pt3), known as heavy fermion materials [6]. 
They exhibit many interesting properties which have not been understood so far.
Finally we can have a lattice of magnetic fields (flux lattice). This happens in type 
II superconductors. An understanding of the phenomenon of pinning and melting of 
the flux lattice can lead to better technological applications of recently discovered 
high temperature superconductors [7].
3 E le c t r o n  C o r r e l a t i o n s
The nearly free electron model has been a very useful model of metals. Much of the 
thermal, optical and transport behaviors of metals can be described within this model 
once either conduction electron density, or the Fermi temperature or the density of 
states at the Fermi energy is known. The success of this model in real metals lies in 
the existence of a weak pseudopotential in which the electrons move. However, the 
model is featureless: it does not show magnetism, nor superconductivity, nor explains 
the insulating behavior of some half-filled band materials (e g. NiO)  or the metal- 
insulator transition in some of them, e.g. in (V, C r)20 3 . It is also not possible to 
understand the phenomenon of moment formation (or suppression) in metals [3], or 
the large effective mass of electrons in some rare earth materials (heavy fermions) 
or for that matter the fractional Quantum Hall effect [1]. There are mainly two 
reasons. The first is that the interaction of electrons with other degrees of freedoms 
in the solid has been ignored. For example, the interaction with lattice vibrations has 
been known to give rise to superconductivity in many metals. The second reason is 
that the Coulomb interaction amongst electrons themselves has been ignored. Some
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aspects of this interaction are well understood, for example the screening and plasma 
oscillation in normal metals. However, in transition metals, rare earths and actnides, 
one is dealing with partially filled narrow d- or f- bands. The effective interaction 
is qualitatively different, for narrow bands, the electron-electron interaction is large 
only when the electrons encounter each other on the same ionic site, consequently the 
range of effective interaction gets shortened and the strength enhanced. Instead of 
treating the effects of long range Coulomb force properly, which is very difficult, some 
kind of model building is done. We now present some models of strongly Correlated 
electrons and of magnetism. \
\
4 T h e  M in im a l  M o d e ls  '
1. H ubbard M odel: This model was introduced independently by Gutzwiller,
Hubbard, and by Kanamori in early sixties [8]. It has the nearest neighbour hopping 
of conduction electrons as the kinetic energy term and approximates an effective short 
range interaction with a zero range intra-atomic Coulomb term In the usual notation, 
it is given by, *
11 = + u ^ 2 n>.fn>.i ( i)
■j  »
Though the model considers the Coulomb term in an extremely simplified form, it 
seems to contain the essential physics of narrow band metals. It has been used to 
explain the metal-nonmetal transition in some transition metal oxides, magnetism in 
metals, low temperature behavior of liquid 3He and superconductivity in cuprates
[8, 9].
2. A nderson  M odel: In this model a magnetic impurity is described by a localized 
extra d-orbital which is located in the conduction band of host. The interaction with 
the conduction electrons is described by a mixing term which leads to a broadening 
of the impurity level corresponding to a resonance state or “virtual bound state” [10].
H = +  E clc , +  I/nfnJ +  £ { V * a J  gcg +  (H .c)} . (2)
*,<7
During the last three and half decades it has been used to explain behavior of magnetic 
moment in a metal, suppression and formation of moments, and the phenomenon of 
valence fluctuations in rare earth impurities (C eSn3, Tm Se). The well known s-d
exchange model can be derived from this model using a canonical transformation
(Schrieffer-Wolf transformation).
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3. Period ic A nderson  M odel: This is an extension of previous model for a lattice 
of atomic orbitals in a sea of conduction electrons.
H  =  X ^ 6*’*0! * 0*’* +  ^ , E < , c l t9clto +  U ^ n iC,TniC.i
k}a t,ff i
+ ^ L ^ * e’k R ,a * W  +  ( f f c )}- (3)
In principle the physics of transition metals, rare earths, and acftinide metals is de­
scribed by this model. Here we have a narrow band embedded in a broad conduction 
band. However, with varied degree of success, it has been applied to mixed valence 
compounds, heavy fermions (CeCug, f/2Z n i7), and at present to Kondo insulators 
(Ce sB i^ P t z ,  C e N i S n )  [11].
4. H eisenberg  M odel: This is one of the earliest models of magnetism in solids. It 
is appropriate for insulators. However, it is difficult to derive in realistic situations.
It has also been a starting point of many calculations in statistical physics In par­
ticular the Ising model, and the X-Y model are special cases of it.
We have introduced the minimal models. They contain a very limited aspect of the 
real correlation problem. For example, the long range nature of Coulomb force which 
is important in the insulating side of the metal to insulator transition and which is also 
responsible for the charge density wave formation has not been considered. Similarly 
the orbital degeneracy, anisotropy, dipolar forces, disorder and interaction with other 
degrees of freedon have not been considered. These are very important for detailed 
studies of the correlation problem in real solids. Now for rest of this talk, we consider 
only the single band Hubbard model and enumerate some results.
5 H u b b a r d  M o d e l
Over a period of last thirty and odd years, this model has been chosen to be a 
minimal model for description of and transition to various ordered phases of correlated 
electronic systems. The model has a long history but there are very few exact results. 
However, there is a plethora of interesting, perturbative, variational, mean field, RPA 
and finite size numerical results. It is also true that in the same range of parameter 
sp&ce these*results in general do not agree. After the discovery of high temperature 
superconductivity in cuprates and Anderson’s assertion that the low energy physics
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of these superconductors is, again, given by the Hubbard model, there is a spurt 
of activity in this field. We therefore divide the summary of results in two parts
[5, 8, 9, 12].
5.1 Hubbard M odel, Pre-1986 results:
Before the high Tr frenzy the model has been applied mainly to correlation induced 
metal-insulator transition in half filled hand and to the problem of magnetism in 
metals.[5, 8, 13, 14]. Almost all the standard techniques of quantum Many body 
physics were used, viz. t-m atnx approximation, equation of motion decoupling, co­
herent potential approximation, RPA, and the variational approach. Or^ly in one 
dimension the model has been solved exactly. The results from these calculations 
cover some aspects of the correlation problem.
5.1.1 M e ta l- In su la to r  T ra n s itio n :
The basic parameters of the model are the band filling (n = 1 means a half filled 
hand), and the ratio U/zL, where z is number of nearest neighbours (zt is essentially 
the hand width). For V vanishing we have a free electron gas. For a large U and if 
occupancy of lattice is confined to only one electron per site doubly occupied sites 
are highly suppressed and we have insulators Hubbard model has rrietal-insulator 
transition in it, by construction [13].
• For partially filled bands (and n ^  1) the ground state is metallic for any 
strength of interaction and in any space dimension.
• In one dimension at half filling, the ground state is always insulating irrespective 
of the strength of the interaction. There is also a separation of spin and charge 
degrees of freedom. This is an exact result. •
• n — 1, and in three dimensions there is a inetal-insulator transition at U — zt 
Detailed nature of the transition, description of the insulating state etc. are not 
clear.
5.1.2 M agnetism :
The problem of magnetism in metals has been tackled from many directions within 
the model.
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• In the insulating side of metal-insulator transition in three dimensions (for half 
filled band and for U z t ) the electrons are pinned and behave like local 
moments. These moments are antiferromagnetically coupled with J  «  t 7/U  [8].
• In the case of nesting of fermi surface or for a bipartite lattice there is always a 
spin density wave (SDW) ground state.
• Spin density wave also occurs when the spin susceptibility of band electrons has 
a peak at some wave vector, this SDW is metallic.
• In the metallic side when the density of states at the fermi energy (p(ep)) is 
large, a mean field theory gives metallic ferromagnetism for Up(ep) > 1 [5].
• In the extreme pathological but interesting case of one electron less than half 
filling, U  —► oo, there is a ferromagnetic ground state. This is known as the 
Nagaoka Ferromagnet [15]
5.1.3 L iqu id  3H e:
Helium-3 is a Fermi liquid (helium nucleus has a spin 1/2), with a degeneracy tem­
perature ~  5 K. In reality it behaves like a dense classical liquid for T > .5 K and like 
a degenerate Fermi liquid below 0.2 K. At a pressure of about 34 Bar and at few mK 
it solidifies. And finally at very low temperatures T ~  0.001 - 0.0027 K it becomes 
superfluid. One can test various theories of correlation on it, because it is devoid of 
other “real life” problems like disorder, orbital degeneracy, lattice effects etc. There 
have been theoretical attem pts to explain the low temperature behavior from two 
points of view phenomenologically. For detailed calculations the starting point is the 
Hubbard model in both theories [16].
• Enhanced paramagnetism: The (nuclear) spin susceptibility of 3He varies 
between 10 - 25 times the free Fermi gas susceptibility, xPi depending on pres­
sure. Because of the largeness of x the liquid can be regarded as if it is near 
a ferromagnetic instability. Within the spin fluctuation theory, a theory which 
considers 3He as a fermi liquid near a magnetic instability, the temperature 
dependence of many physical properties like spin susceptibility, specific heat is 
understood even at a quantitative level.
• Incipient localization: However, the velocity of sound is large in liquid 3He. 
The compressibility at low temperatures is almost same as the compressibility of 
the solid phase. The liquid becomes sluggish at low temperatures before finally
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becoming a superfluid. One can consider 3He as a liquid in the vicinity of a liquid 
to solid or the Mott-Hubbard ‘‘metal-insulator” transition. A theory based on 
this idea has been successful for understanding the pressure dependence of many 
properties.
• However, it turns out that these two approximation schemes give qualitatively 
different results when field dependence of susceptibility of polarised 3He is cal­
culated For example, spin fluctuation theory gives,
' H 2
X(i/) =  Y(0)(1 -  -6 a(a7V )2
that is, x decreases with field, while the incipient localization model1,gives,
(■r*)
\ {H)  -  x(0)(l 4 —  (
\  in 14 ( 6 )
that is, \  increases. Here a  is the susceptibility enhancement factor, m *  is 
effective mass and I4£ is a Landau I'cnni-Liquid theory parameter. Recent 
experiments on polarised liquid *lle favour the spin fluctuation theory. However 
some recent results for Hubbard model in infinite dimensions for fermi liquid 
in the vicinity of metal to insulator seem to restore the spin fluctuation theory 
results [21].
5.2 Hubbard M odel, Recent results:
It was recognised very early that the high Tt cuprates are doped Mott-Hubbard 
insulators and their physics lie essentially in C u 0 2 planes. The work in high tem­
perature superconductivity related to Hubbard model concentrated mainly on this 
aspect, strong correlation, vicinity Df half filling and low dimensionality. However 
-t was also difficult to ignore the weak coupling aspect of the problem. At present 
sustained effort is continuing in both directions.
5.2.1 S tro n g  C oup ling :
•  For exact half Plied band and to, V -  oo we saw th a t the ground atale i.
antiferromagnetic in three dimension. We have a .p in  -1/2 Hewenberg anti-
erromagnet. In two dimensions the quantum fluctuations around the classical
lmt,0r‘" ‘ *"d h»v« been been conaidered using various tech­
niques. The consensus is tha, th , ground state e„ „ gy p„  site b  M  j  ^
staggered magnetisation i, 0.3. At finite temperature t h ,  magnetic order
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disappears and the correlation length at low tem perature follows the singular 
form £(T’) =  C e x p ( J / k T )  [12].
• When holes are introduced, th a t is, when the band is slightly less than half filled, 
the relevant question is whether these holes move, how they interact amongst 
themselves and whether they form coherent pairs. In the strict anisotropic 
Ising case, holes do not move but are attached by a string force to  their original 
positions. However, when spin fluctuations due to the transverse term are con­
sidered these strings are broken and holes can move depending on the relative 
strength of the Ising versus the transverse term [9].
• For a low density of these holes and for large correlations, U —► oo, the Hubbard 
model can be canonically transformed to the t — J model. This transform ation 
was done earlier by Kohn and by Harris and Lange but has drawn considerable 
attention only recently [17].
H =  - t  Y j l  -  nt _q)cJ„cJi!,(l - n , _«) +  h.c.
+4(<2/ t / ) I > ,  s , - n . n , / 4) (7)
It is not possible to solve this model exactly either mainly because of the pro­
jection operators in the first term . Therefore, some drastic assumptions have 
been made on the first term and various mean field theories to RVB-, Chiral-, 
Flux- etc. phases have been proposed. The relative stability of these phases 
and their relevance to cuprates are still not clear. •
• Large correlation imposes strong local restriction on the electronic occupancy: 
the electron Occupancy is restricted to be zero or one independently at each site. 
Such a local restriction is hard to implement. They involve gauge symmetries. 
These have been formulated in terms of “Slave Fermion ” and “Slave Boson ” 
languages and a mean field theory is done. W ithin the slave Fermion language 
a mean field theory gives a rich phase diagram with ferromagnetic, antiferro­
magnetic, spiral and spin liquid phases [18]. A slave boson mean field theory is 
found to be equivalent to the Gutzwiller variational approach to the Hubbard 
model giving a m etal to insulator transition [19].
• Is physics in two dimensions similar to tha t in One Dimension? In one di­
mension the Hubbard model and other equivalent fermionic models have been
f f i Suresh G Mishra
solved exactly long ago. It turns out that an electron added to the system can 
be thought of as a composite of a charge V ’ and a spin- 1/2 excitation, two 
moving with different velocities. The ground state wave function for U —► oc 
can be written as a product of Slater determinant of noninteracting fermions 
and an exact wave function for one dimension Heisenberg chain. It has been 
argued by Anderson that this separation between charge and spin degrees of 
freedom is carried to higher dimensional correlated fermions also. For a col­
lection of free fermions charge and spin degrees are not separable. However, 
for a Mott-Huhbard insulator, there is no charge motion but spin /fluctuations 
can propagate. Similarly in one dimension (for n ^  1 ) in the metallic side the 
single particle distribution function (n(k)) does not show a jump at the Fermi 
momentum but the slope of n(k) has a power law singularity wit^ exponent 
1/8 for large U . This is known as a marginal fermi liquid behavior\ It is no! 
clear whether for a low density of holes in a Mott insulator in two dimensions a 
similar situation arises [20]
5.2.2 W eak  Coupling:
• In two dimensions, with nearest neighbour hopping on a bipartite lattice (say, 
square lattice), for an exactly half filled band case the normal metallic stale 
is unstable against the formation of spin density wave for any V . If a hole is 
introduced it perturbs the amplitude of SDW around it. If we add another hole, 
it may be energetically favourable for the two to be together and deform SDW 
locally. This is called spin bag. Is such a system stable? W hat happens to it 
when a large number of carriers are added? How is this state different from the 
string we talked about in the strong coupling case? [9]
• At a mean field level, one can think of the coupling between the two holes via 
antiferromagnetic spin fluctuations. This situation can arise in the strong as 
well as in the weak coupling case. In fact this problem was considered earlier 
for heavy fermion superconductors. This could lead to a d-wave pairing and to 
a weak coupling Superconductivity.
.„ I " 1  7  P'°Ste“  ”  “‘her dir" ‘i0nS •*” ' in Particular have attempts
'  7  1  dim",5i0M Tl" m°d" “  be 0"*° * * *
Z “ " « » »  ‘I* nature ofmetal
nsuiator transition has been investigated [21],
6 C o n c lu s io n
There has been a major advancement in our understanding of correlated electronic 
systems during the last decade, inspite of the fact that even the minimal models have 
not been understood completely.
1 am grateful to S.M. Bhattacharjee and H.N. Ghosh for making some useful 
comments on the manuscript.
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M a g n e t i s m  a n d  c o r r e l a t e d  e l e c t r o n  s y s te m s
K. G hoshray
S a h a  I n s t i tu te  o f N u c lea r  P h y sics ,
1 /A F ,  B id h a n n a g a r , C a lc u tta -6 4 , In d ia .
A b s t r a c t :  T h is  rev iew  is co n cern ed  w ith  th e  e x p e rim e n ta l  re su lts  o f 
som e m a g n e tic  m a te r ia ls  w h ich  e x h ib it  u n u su a l b e h a v io u r  o f th e  m a g ­
n e tis a tio n  w ith  te m p e ra tu re  c o m p a red  to  th o se  for n o rm a l fe r ro m a g ­
n e tic , a n tife r ro m a g n e tic  a n d  fe rr im ag n e tic  co m p o u n d s . T h e  re su lts  
of m a g n e tic  su scep tib ility , N M R  a n d  M o ssb au e r s tu d ie s  a re  d iscu ssed  
w ith  a  b r ie f  in tro d u c tio n  o f th e  a p p lic a tio n  of N M R  a n d  M o ssb au e r 
sp ec tro sco p y  fo r u n d e rs ta n d in g  th e  m a g n e tic  p ro p e r tie s  o f so lids.
K e y w o r d s :  M a g n e tism , L o w -d im en sio n al sy s tem , S p in  g lass , H eav y  
ferm ions.
PACS nos: 75.50.-y
1. Introduction .
In recen t y ea rs  v a rio u s  ty p e s  o f  m a g n e tic  m a te r ia ls  h av e  b een  d isco v ­
ered, sh o w in g  u n u s u a l b e h a v io u r  w ith  te m p e ra tu re  c o m p a re d  to  th o se  
of n o rm a l fe r ro m a g n e tic , a n tife r ro m a g n e tic  a n d  fe rr im a g n e tic  sy s te m s. 
F u rth er, m a n y  new  p h e n o m e n a  a re  o b se rv ed  in  so lids for w hich  c o rre la ­
tion effects a m o n g  th e  e le c tro n s  a p p e a r  to  b e  im p o r ta n t .  S om e of th e s e  
discoveries w ere  m a d e  o n  sy s te m s  w h ere  th e  lo w -d im en sio n a l a sp e c ts  a re  
essential, w h e re a s , fo r o th e r  c lasses su ch  as  h eav y  fe rm io n s , s tro n g ly  co r­
related  e le c tro n s  in  th re e  d im e n s io n a l so lids a re  co n cern ed . T h e  p re s e n t 
review is co n ce rn ed  w ith  t h e  e x p e r im e n ta l  re su lts  m a in ly  o f  su sce p tib il-  
: ]ty, N M R  a n d , M o ssb au e r s tu d ie s  o f  th re e  ty p e s  o f m a g n e tic  m a te r ia ls  
| viz., 1. low d im e n s io n a l sy s te m s , 2. sp in  g lass sy s te m s, a n d  3. h e a v y
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fe rm io n  sy s te m s. In  section  2 , a  b r ie f  acco u n t will b e  g iv en  o f  how  N M R  
a n d  M o ssb au er sp ec tro sco p y  can  p ro v id e  in fo rm a tio n  a b o u t  th e  m a g ­
n e tic  p ro p e r tie s  o f solids. S ec tions 3, 4, a n d  5 w ill b e  d e v o te d  to  th e  
e x p e rim e n ta l re su lts  o n  above th re e  ty p es  of sy s tem s.
2. N M E  spectroscopy.
If  we consider a  solid co n ta in in g  a to m s w ith  n o n  zero  n u c le a r  sp in  I, th e n  
i t  will have  th e  m ag n e tic  d ip o le  m o m en t 7 ^ 1 , w h ich  w ill in te r a c t  w ith  
th e  ap p lied  e x te rn a l m ag n e tic  field , H 0 a n d  th e  in te ra c t io n  H a m ilto n ia n  
is H =  - 7 h i  H 0 w ith  energ y  eigen  v a lu e  E = - 7 ftHom. B y  a p p lic a t io n  o f a 
r.f. field o f frequency , v0 one can  observe  th e  tra n s i t io n  b e tw e e n \ th e  Zee- 
m a n  sp lit levels. If in  a d d itio n  to  th e  n u c lea r  m o m e n ts , th e r e  a re  a to m s 
co n ta in in g  e lec tro n ic  m o m en ts , th e  n u c lea r  m o m e n ts  c a n  in te r a c t  w ith  
th ese  e lec tro n ic  m o m en ts  th ro u g h  th e  h y p erfin e  in te ra c t io n  = - 7 f iIH (t), 
T h e  m ag n e tic  field, H(t) p ro d u ced  by th e  e le c tro n s  a t  th e  n u c le a r  s ite , is 
tim e  d e p e n d en t b ecau se  of th e  fa s t flip p in g  of th e  e le c tro n ic  sp in  d u e  to 
various re la x a tio n  effects a n d  ex ch an g e  in te ra c tio n s . So, th e  t o ta l  fie ld  at 
th e  n u c lea r s ite  is H=Ho+H(t). T h e  tim e  av e rag ed  p a r t  o f H(t) p ro d u ces  
a  sh ift o f th e  reso n an ce  line  e ith e r to w ard s  low field  o r to w a rd s  h ig h  field 
w ith  resp ec t to  H0 d ep en d in g  on  th e  sign  o f <H(t)>. F u r th e r ,  <H(t)> is 
p ro p o rtio n a l to  th e  sp o n tan eo u s  m a g n e tis a tio n  in  th e  o rd e re d  s ta t e  and  
th e  s ta t ic  su scep tib ility  in  th e  p a ra m a g n e tic  s ta te .  F lu c tu a t in g  p a r t  of 
H(t) induces th e  sp in - sp in  (T 2 ) an d  sp in - la ttic e  ( T i)  r e la x a t io n  tim e s  of 
th e  nucleus. T h e  re la x a tio n  ra te s  in  th is  case  a re  r e la te d  to  th e  Fourier 
tra n s fo rm  of th e  e lec tro n  sp in  p a ir  co rre la tio n  fu n c tio n  G ( r , j , t )  b y  the 
re la tio n [l]
I i', = £ £ c i4 ‘S(q,").(i = i,2) (i)a q
C a d ep en d s  on th e  n u cleus a n d  S(q,cj) is th e  F o u rie r  t r a n s fo rm  o f  the 
e lec tro n ic  sp in  p a ir  co rre la tio n  fu n c tio n , G (ry i t) .  T h e  q  c o m p o n e n ts  of 
S (q ,u )  a re  w eigh ted  by th e  A® fac to r  b ecau se  th e  re la x a t io n  r a te s  involve
b o th  th e  a u to  a n d  p a ir  co rre la tio n  fu n c tio n  o f th e  e lec tro n  sp in s . T h e re ­
fore th e  s tu d y  of th e  re la x a tio n  ra te s  of th e  n u c leu s c a n  p ro v id e  in fo r­
m a tio n  a b o u t  th e  e lec tro n  sp in  d y n am ics d u rin g  th e  t ra n s it io n . C lose  to  
th e  m a g n e tic  o rd e rin g  te m p e ra tu re  ( T e) w here  th e  f lu c tu a io n  of th e  c r i t ­
ical w ave v ec to r (q e) d o m in a te s , th e  te m p e ra tu re  d e p e n d e n t lin e  w id th  
<5 H ( ~  T ^ 1), in  N M R  is re la te d  to  <5H oc c Tr+^ trf—*) w h ere  d d e n o te s  th e  
la ttic e  d im en sio n a lity , 7  a n d  v a re  th e  s ta t ic  c ritic a l ex p o n e n ts  a n d  z 
is th e  d y n a m ic  e x p o n e n t, e is th e  red u ced  te m p e ra tu re , ( T -T c) / T e. So 
from  th e  te m p e ra tu re  d e p e n d e n t line  w id th  o r  th e  sp in  la t t ic e  re la x a tio n  
ra te  n e a r  T c, o n e  can  d e te rm in e  z, know ing  th e  s ta t ic  e x p o n e n ts  7  a n d  
1/, fro m  o th e r  e x p e rim en ts .
M o s s b a u e r  S p e c t r o s c o p y
T h e  p h e n o m e n a  of th e  em issio n  of g a m m a  ray s  fro m  nucle i a n d  th e ir  
reso n an ce  a b so rp tio n  by  id en tica l nuclei w ith o u t an y  loss o f en e rg y  d u e  
to recoil is k n o w n  as M o ssb au er effect. T h e  reco il en e rg y  p ro d u c e d  in  
•gam m a ray  em m isio n  is in fac t ta k e n  u p  by th e  e n tire  la ttic e . In  a  
m icroscopic d e sc r ip tio n , a  c e r ta in  fra c tio n  of th e  7  ray  p h o to n  e m itte d  by 
th e  nuclie  w ill em erg e  w ith o u t  ex c itin g  an y  p h o n o n s . T h e  tim e  av erag ed
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F ig .l (a ) H y p e rfin e  s tr u c tu r e  in  th e  n u c lea r  ex c ited  s ta te  N* a n d  g ro u n d  
s ta te  N o f 57Fe show ing  th e  six  h y p e rfin e  tra n s it io n s  (n eg lec tin g  th e  
q u a d ru p o la r  s p li t t in g )  (b )  M o ssb au e r s p e c tru m  of F eF 3  a t  4 .2 K  [1].
